Abstract
Introduction
Osteoblasts differentiate and mineralize during bone growth, healing, and regeneration. These processes are modulated by blood supply, cell contents, and cytokines [1, 2] . Controlling these factors are crucial in maintaining bone homeostasis, especially when bone is regenerating under oxygen tension, which has great influence on bonerelated cells [3] .
The median oxygen tension in normal tissue is between 3 and 9% (24-66 mmHg) and the mean oxygen tension was 6.6% in bone marrow harvested from normal volunteers [4, 5] . Hypoxia occurs when the O 2 supply to tissue declines or is interrupted and can result from old age, inflammation, fracture, diabetes, and bone grafting [3] .
Bone morphogenetic protein-2 (BMP-2) is the most important growth factor and is involved in osteoblasts differentiating from mesenchymal stem cells and osteoblasts forming bone matrix [6] . The cortical concentration of endogenous BMP-2 is below 2 mg/kg; thus, acquiring a clinically significant amount is difficult [7, 8] . The development of recombinant genetic technology enables the use of rhBMP-2 in clinical applications.
Several studies have reported that the photo-stimulatory effect of low-level laser treatment (LLLT) influences osteoblasts and helps bone tissue regenerate and heal [9, 10] . Low-level laser (LLL) is defined as a red or near infrared laser which has a wavelength of 600-1100 nm and 1-500 mW output [11] . LLL irradiation facilitates osteoblast differentiation and proliferation and increases bone mineralization and BMP-2 expression [12, 13] . Our previous research revealed that LLLT induces expression of BMP-2, osteocalcin, and transforming growth factor beta 1 (TGF-b1) in human osteoblasts cultured under hypoxia [3] .
The mitogen-activated protein kinases (MAPKs) are one of the main kinase families that control cell differentiation, cell proliferation, and apoptosis [14, 15] . The MAPKs include extracellular signal-regulated kinase (ERK) 1/2, c-Jun N-terminal kinase (JNK), and p38 in mammalian cells [16] . Among these, the p38 pathway controls alkaline phosphatase expression, is involved in osteoblast differentiation [17] , and is activated by chemical and environmental stress [18] .
Protein kinase D1 (Prkd1) is a member of the protein kinase C (PKC) group, which comprises a family of intracellular serine/threonine specific kinases that influence cell morphology, proliferation, and differentiation [19] [20] [21] [22] . In MC3T3-E1 cells, BMP-2 activates protein kinase D (PKD), which induces JNK and p38 during osteoblastic differentiation and upregulates Osx [19, 23] .
Previous research has demonstrated that BMP-2 and LLL accelerate differentiation of osteoblast precursor cells to osteoblasts and expedite bone mineralization, respectively, but little is known about synergistic effect of combining cytokine and photodynamic therapies, especially under severe hypoxia. Above-mentioned osteoblastic activities are intimately related to healing of damaged bone. Dental and maxillofacial surgeons seek ways to promote regeneration of injured jaw bones to reduce healing time. LLLT and BMP-2 are well-known for their ability to promote healing of bone and we, authors, naturally have come to be concerned the combination effect on osteoblasts of the two. Identifying the mechanisms that modulate osteoblasts in hypoxia which could imitate injury sites where disruption of blood supply to oral tissues resulting hypoxic condition could suggest new treatment strategies as predictable adjunct therapies in bone injury sites. In the present study, we examined the changes in MC3T3-E1 cells cultured under 1% hypoxia that were treated with LLL and BMP-2 combined and studied the cell signaling mechanisms that were induced.
Materials and methods

Cell cultures and rhBMP-2 treatment
The mouse osteoblast cell line MC3T3-E1 was purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were maintained in a-minimal essential medium (a-MEM) (without ascorbic acid; Gibco BL, Grand Island, NY, USA) with 10% (vol/vol) fetal bovine serum (FBS) (Thermo Fisher Scientific Inc., Waltham, MA, USA) and 1% (v/v) penicillin-streptomycin in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. Cells were subcultivated twice per week in a 100-mm culture dish.
For hypoxia exposure, cells were incubated under 1% oxygen and 5% CO 2 at 37°C in an Anaerobic System PROOX chamber (BioSpherix, Lacona, NY, USA) for different time intervals.
rhBMP-2 was obtained from Cowellmedi Co., Ltd (Pusan, Korea). Cells were seeded into 24-well, and 100-mm dishes and cultured until 80-90% confluent, then treated with 50 ng/mL rhBMP-2.
Application of low-level laser
LLLT was applied with a low-level GaAlAs laser (k0808 ± 3 nm, 1000 mW, 80 mA, LVI technology, Seoul, Korea). Laser energy was delivered to the cell cultures in continuous mode at 80 mW for 15 s with the laser positioned vertically above each well. The LLLT energy used was selected based on previous studies [3] .
Alkaline phosphatase (ALP) activity assay
To evaluate osteoblastic differentiation, alkaline phosphatase (ALP) activity was measured at 3, 7, and 14 days. ALP activity was performed according to the pNPP method [24] . Cells were plated in 24-well plates at a density of 2 9 10 4 cells/well. Following treatment with rhBMP-2 and LLL irradiation, the cells were washed twice with PBS and scraped into 10 mM Tris-HCl containing 2 mM MgCl 2 and 0.05% Triton X-100 (pH 8.2), placed on ice, and sonicated to lyse the cells. Protein concentrations in the lysates were determined by using the Bradford protein assay. The cell lysates were mixed with an aliquot of assay buffer containing 10 mM p-nitrophenyl phosphate in 0.1 M sodium carbonate (pH 10.2) supplemented with 1 mM MgCl 2 followed by incubation at 37°C for 30 min. After incubating at 37°C for 30 min, the reaction was stopped by adding 1 M NaOH and the amount of p-nitrophenol released was estimated by measuring the absorbance at 405 nm. Relative ALP activity is defined as millimoles of pNPP hydrolyzed per min per mg of total protein.
Alizarin red staining
Mineralization of cells was determined by using Alizarin red S staining. Cells were seeded in 24-well plates in triplicate at a density of 2 9 10 4 cells/well. Mineralized nodules were detected at 7 and 14 days by Alizarin red S staining (Sigma). Briefly, cells were rinsed twice with phosphate-buffered saline (PBS) and fixed with ice-cold 70% ethanol. Then, cells were stained with 2% Alizarin red S (pH 4.2) for 20 min at room temperature and extensively rinsed with distilled water. To quantify the staining, the bound stain was eluted with 10% (wt/vol) cetylpyridinium chloride (Sigma), and the absorbance of the supernatant was measured at 550 nm.
Western blot assay
Cells were plated at a density of 2 9 10 6 cells in 100-mm culture dishes. Cells were treated with rhBMP-2 and LLL under hypoxia for 1-72 h. The cells were harvested and washed twice with ice-cold. Total cell proteins were extracted by lysing cells with RIPA buffer (300 mM NaCl, 50 mM Tris-HCl [pH 7.6], 0.5% Triton X-100, 2 mM PMSF, 2 lg/mL aprotinin, and 2 lg/mL leupeptin), and the lysates were incubated at 4°C for 1 h. The total protein concentration was determined with a Bradford protein assay (Bio-Rad; Richmond, CA, USA), and BSA was used as a standard. Samples with 20 lg of total protein were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels, and were then transferred to polyvinylidene fluoride (PVDF) membranes (Amersham GE Healthcare; Little Chalfont, UK). After incubating with antibodies, signal was detected with SuperSignal West Femto enhanced chemiluminescence substrate, and the bands were imaged with an Alpha Imager HP (Alpha Innotech, Santa Clara, CA, USA). Equivalent protein loading was confirmed by Ponceau S staining.
Statistical analysis
Results are representative of at least 3 independent experiments and are expressed as the average with standard deviation. All data were analyzed using Statistical Product and Service Solution (v19, SPSS Inc.; Chicago, IL, USA). One-way and two-way ANOVA models were used to compare expression levels with Tukey's studentized range test as post hoc analysis. The significance level was set at 0.05.
Results
3.1 ALP activity increased in the BMP-2 and LLLT combined group from day 7 to 14
MC3T3-E1 cells were cultured with rhBMP-2, LLLT, both, or neither under hypoxia. An ALP activity assay was performed to evaluate the effect of rhBMP-2, LLLT, and both on osteoblast differentiation after 3, 7, and 14 days of treatment. ALP activity increased noticeably in the combination group from day 7 to 14, while the other groups showed subtle differences ( Fig. 1 , Table 1 ).
rhBMP-2 and LLLT combined resulted in the largest increase in mineralization in hypoxic-cultured MC3T3-E1 cells
MC3T3-E1 cell mineralization was evaluated by Alizarin red S staining. The degree of mineralization increased most in the rhBMP-2 with LLLT group as indicated by denser red staining. The difference in staining of the control group was insignificant (Fig. 2) . Fig. 1 Effect of rhBMP-2 and LLLT on ALP activity. MC3T3-E1 cells were incubated and treated with rhBMP-2, LLLT, both, or neither (control) for 3, 7, and 14 days and ALP activity was determined. ALP activity increased significantly in the LLLT, rhBMP-2, and combination groups compared with the control group from day 7 (*p \ 0.01) to day 14 (#p \ 0.01). To assess the effects of rhBMP-2 and LLLT on HIF-1 activation, MC3T3-E1 cells were cultured under hypoxia for 24, 48, and 72 h. Hypoxia increased HIF-1a expression at 24, 48, and 72 h when compared to normoxia. In the rhBMP-2 (50 ng/mL) and rhBMP-2 with LLLT groups, HIF-1a expression was lower than in the hypoxia control group. HIF-1b did not increase in the experimental groups.
In the hypoxia control and rhBMP-2 group, type I collagen expression was suppressed and showed little increase at 72 h. However, type I collagen synthesis was partially recovered in a time-dependent manner in the combined rhBMP-2 and LLLT group.
In the normoxia control group, RUNX2 expression increased slightly over time, whereas in the hypoxia control group, RUNX2 expression was inhibited. In the rhBMP-2 and combined rhBMP-2 with LLLT groups, RUNX2 expression increased throughout the experiment, and the combination treatment increased RUNX2 expression more than rhBMP-2 alone (Fig. 3) .
In normoxia, Osx expression increased over time, but in hypoxia, Osx expression was suppressed. The combined LLLT and rhBMP-2 group showed the highest OSX expression over time (24 h, 48 h, and 72 h) followed by the rhBMP-2 group (Fig. 3) .
The p38 pathway mediates rhBMP-2-and LLLT-induced differentiation and mineralization of MC3T3-E1 osteoblast-like cells
We tested whether p38 MAPK is related to rhBMP-2 and LLLT in inducing differentiation and mineralization of MC3T3-E1 under hypoxia. The hypoxic control, LLLT, rhBMP-2 (50 ng/mL), and combined rhBMP-2 with LLLT groups were compared. Combined rhBMP-2 with LLLT stimulated p38 MAPK phosphorylation the most, but the other experimental groups also had an increase in p38 activation (Fig. 4) . We also evaluated phosphorylation of activating transcription factor 2 (ATF2), which is mediated by the p38 MAPK pathway. ATF2 phosphorylation also markedly increased in the rhBMP-2 alone or combined rhBMP-2 with LLLT groups (Fig. 4) . A selective p38 inhibitor, SB203580, was used to confirm that rhBMP-2 and LLLT induced cell differentiation and mineralization through p38 MAPK activation. Phosphorylation of both p38 and ATF2 decreased markedly when MC3T3-E1 cells were pretreated with SB203580 under hypoxia (Fig. 5) . Furthermore, SB203580 reduced mineralization induced by rhBMP-2 and LLLT (Fig. 6, Table 2 ). These results suggest that the p38 pathway mediates differentiation and mineralization of MC3T3-E1 osteoblast-like cells induced by rhBMP-2 and LLLT.
Prkd1 is related to differentiation and mineralization of MC3T3-E1 osteoblast-like cells induced by rhBMP-2 and LLLT
We assessed whether Prkd1 was associated with differentiation and mineralization of MC3T3-E1 cells under hypoxia induced by rhBMP-2 and LLLT. Prkd1 phosphorylation was influenced by the presence of rhBMP-2 and LLLT (Fig. 4) . To support the hypothesis that Prkd1 enhances MC3T3-E1 cell differentiation and mineralization during hypoxia, we used Go6976, a PKCt/PRKD inhibitor. Pretreating cells with 20 nM Go6976 reduced Prkd1 and p38 phosphorylation (Fig. 7) . rhBMP-2-induced Fig. 3 Western blot analysis for HIF-1a, HIF-1b, type I collagen, RUNX2, and Osterix in the 4 groups. GAPDH was used as a control. In the combination group of rhBMP-2 and LLLT, RUNX2 and Osterix expression increased most osteogenetic enzyme activity and mineralization were also partly inhibited by Go6976 (Fig. 8, Table 3 ). These results suggest that rhBMP-2 and LLLT could induce differentiation and mineralization of MC3T3-E1 osteoblast-like cells by activating Prkd1 signaling pathways.
Discussion
Several studies have shown that hypoxia influences osteoblast and osteoblast-like cell functions. Hypoxia increases or decreases cellular differentiation depending on the cell type [24] [25] [26] [27] [28] [29] . Stein et al. reported that hypoxia inhibits osteoblastic differentiation, maturation, and bone formation by human osteoblasts [30] . Our previous research demonstrated that 1% hypoxic stress inhibits osteoblast differentiation, maturation, and bone-forming capacity and concluded that LLLT stimulates hypoxiccultured and suppressed human osteoblasts to produce rhBMP-2, osteocalcin, and TGF-b, which enhanced osteoblastic differentiation and proliferation [3] . Though the exact mechanism by which LLLT acts is not fully understood, it likely causes photochemical changes in mitochondria that affect mRNA synthesis, which alters several cell-regulating proteins [31, 32] . A few previous studies have treated osteoblasts and osteoblast-like cells with LLL or BMP-2 [33] [34] [35] [36] , however Fig. 7 Effects of Go6976 on p38 and Prkd1 phosphorylation in Western blot study. Cells were pretreated with 20 nM Go6976 for 2 h and were exposed to 50 nM rhBMP-2 and LLL for 15 s. GAPDH served as a reference protein Post hoc b \ d\a \ c b\ a,d \ c the combined effect of LLL and rhBMP-2 on cells cultured under hypoxia has not been examined. Therefore, we evaluated the effects and mechanisms of LLLT and rhBMP-2 combined on hypoxic-cultured MC3T3-E1 cells.
To understand the effects of rhBMP-2 and LLL on osteoblastic differentiation under hypoxia, ALP activity was evaluated in hypoxic MC3T3-E1 cells. In all groups, ALP activity increased over time, but only LLLT with rhBMP-2 resulted in a statistically meaningful difference. The difference was present at day 7 and noticeably increased by day 14. Alizarin red S staining showed that LLLT combined with rhBMP-2 induced marked mineralization of MC3T3-E1 cells in hypoxia compared with the other groups, which only differed slightly.
Expression of type I collagen decreased under hypoxia, and rhBMP-2 had little effect while LLLT with rhBMP-2 significantly increased type I collagen expression. Hypoxia suppresses type I collagen production, except in short-term culture, and LLLT does not affect type I collagen expression [3, 37, 38] . In normoxic conditions, however, LLLT increases type I collagen expression [39] . Therefore, our previous study concluded that oxygen tension can influence type I collagen synthesis. In our study, type I collagen expression increased in cells treated with LLL and rhBMP-2, even though they were cultured under 1% oxygen tension. Considering that LLLT induces increased BMPs in MC3T3-E1 cells and results in increased mineralization [12] , we hypothesized that the increased rhBMP-2 concentration due to LLLT overcame the inhibition of type I collagen synthesis. Further investigations are required to assess the relationship between LLLT, rhBMP-2, and type I collagen production.
In our research, RUNX2 and Osx expression were suppressed under 1% oxygen tension compared to normoxia controls. The rhBMP-2 and combined LLLT with rhBMP-2 groups cultured under hypoxia exhibited increased RUNX2 and Osx synthesis. Especially, combined LLLT with rhBMP-2 highly increased RUNX2 and Osx expression. Considering that RUNX2 regulates the genes that encode type I collagen, which is mostly produced by osteoblasts, combining LLLT and rhBMP-2 can be considered an active promoter of osteoblastic differentiation cultured under hypoxia. Weinvestigatedwhetherp38MAPKisrelatedtotheLLLTand rhBMP-2mediatedincreaseindifferentiationandmineralization of hypoxic-cultured MC3T3-E1 cells. LLL alone, 50 ng/mL rhBMP-2, and both increased p38 and ATF2 phosphorylation. SB203580,aselectivep38MAPKinhibitor,partlysuppressedp38 and ATF2 phosphorylation and osteoblastic mineralization stainedwithAlizarinredSintheLLL-andrhBMP-2-treatedcells. This result suggeststhatLLL andrhBMP-2combinedtreatment stimulates the differentiation and mineralization of MC3T3-E1 cellsculturedunderhypoxiathroughthep38MAPKpathway.P38 MAPK pathway is related to the phosphorylation of HIF-1a resultingaccumulationofHIF-1a.But,meanwhile,p38pathway also mediates rhBMP-2 and LLLT-induced differentiation and mineralizationofMC3T3-E1osteoblasticcellcompetitively.This iswhytheexpressionofHIF-1adecreasesinthecombinationgroup.
We also found that rhBMP-2 and LLL stimulated PKD phosphorylation during osteoblast differentiation in hypoxia. When cells were treated with a Prkd1 inhibitor, Go6976, Prkd1 and p38 phosphorylation decreased. Go6976 also suppressed LLLT and rhBMP-2 enhanced mineralization. These results indicate that Prkd1 might be related to rhBMP-2 and LLLT inducing the p38 MAPK pathway in hypoxic-cultured MC3T3-E1 cells.
Inthisexperiment,Low-levellasertreatmentandBMP-2seems tousesamep38andPKD-1pathways.Andtheirsynergisticeffect seems to have additive effect of each treatment. This combined treatment could be applied to clinical situation especially for the patientswhogotbonesurgeryordamaged.
